Abstract Background: Tanshinone IIA inhibits the proliferation of pulmonary artery smooth muscle cells (PASMCs), but the potential mechanisms of its effects on PASMCs apoptosis remain unclear. Methods: Rat were subjected to hypoxia for 9 days with or without Tanshinone IIA treatment. PASMCs were exposed to the conditions of 2% O 2 and 93% N 2 for 24 h in vitro. Hematoxylin and eosin (HE) staining was used to evaluate vascular remodeling. The Cell viability was determined using cell fluorescence staining and MTT assays, and apoptosis was assessed using flow cytometry. Protein expression was quantified by Western blotting. Results: Our results showed that Tanshinone IIA treatment reduced pulmonary artery media thickening in hypoxic rats. Tanshinone IIA reduced PASMC viability in a dose-dependent manner. Additionally, Tanshinone IIA promoted PASMC apoptosis, lowered Hsp60 levels, and upregulated caspase-3 expressions under hypoxic conditions. This pro-apoptotic effect of Tanshinone IIA might be due to the reduction of the phosphorylation of JAK2/STAT3 signaling markers and the increase in the levels of the downstream target, Cx43 in PASMCs. Conclusion: These data suggest that Tanshinone IIA promotes PASMC apoptosis during hypoxia and reverses vascular remodeling. This effect is mediated by modulating the expression of Hsp60, caspase-3, and Cx43 via the JAK2/STAT3 signaling pathway. These results might provide a new therapeutic target to explore a novel strategy for hypoxia-induced vessel remodeling.
Introduction
Tanshinone IIA (Tan) is a fat-soluble pharmacologically active ingredient in Danshen, which is isolated from the rhizomes of the Chinese herb salvia miltiorrhiza, a well-known traditional Chinese medicine that is used to treat cardiovascular diseases [1, 2] . Previous reports have demonstrated that Tanshinone IIA inhibited the proliferation of pulmonary artery smooth muscle cells (PASMCs) [3] , lowered pulmonary artery pressure, and ameliorated the hypoxia-induced pulmonary artery remodeling [4] . These effects of Tanshinone IIA could delay the hypoxia-induced degradation of p27 via an Akt/Skp2-associated pathway [3] . Other reports showed that Tanshinone IIA restored remodeled pulmonary arteries by modulating intracellular Ca 2+ level [5] . Tanshinone IIA also inhibited apoptosis in cardiomyocytes by suppressing the ERK1/2 pathway [6] . In addition, Tanshinone IIA promoted cancer cell apoptosis by targeting the multiple signaling pathways [7] [8] [9] . However, the mechanism by which Tanshinone IIA reverses hypoxia-induced vessel remodeling is not fully understood. Because abnormal PASMCs are key components of artery remodeling, the aim of the present study was to explore the mechanism of action of Tanshinone IIA on PASMC apoptosis.
JAK and STAT proteins are critical components of diverse signal transduction pathways that are actively involved in cell survival, proliferation, differentiation, and apoptosis [10] . Activated JAKs induce the phosphorylation of STATs, resulting in their translocation into the nucleus where they modulate the expression of target genes. In particular, STAT3 is upregulated during, and plays a role in the pathogenesis of hypoxia pulmonary hypertension (HPH) formation [11] . The inhibition of STAT3 prevents neointima formation by abrogating proliferation and promoting apoptosis in neointimal smooth muscle cells [12] . However, it remains unclear whether JAK-STAT signaling contributes to the pro-apoptotic effects of Tanshinone IIA in PASMCs followed by hypoxia. The aim of the present study was to investigate the effects of Tanshinone IIA on hypoxia-induced cell growth via JAK2/STAT3 signaling in cultured PASMCs.
Materials and Methods
Tanshinone IIA (98% purity) was purchased from Aladdin Chemistry Co. Ltd, China. AG490 was purchased from Sigma, USA. Antibodies specific for p-JAK2, p-STAT3, and caspase-3 were obtained from Cell Signaling Technology (Beverly, MA, USA). Antibodies against Cx43, Hsp60, JAK2, and STAT3 were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). Apoptosis assays kits, and Annexin V-FITC were obtained from Beyotime, Shanghai. GAPDH antibody was purchased from Research Diagnostics (Concord, MA, USA).
Rat lung tissue preparation
Male Wistar rats were obtained from the Experimental Animal Center of Harbin Medical University, China. The use of animals was in accordance with the Guidance and Principles of Laboratory Animal Care and Protocols and was approved by the Animal Care Committee of the Harbin Medical University. Adult Wistar rats weighing 180-220 g were randomly divided into normal, hypoxia, and hypoxia with Tanshinone IIA (Tan) treatment groups. Rats were exposed to normal and hypoxic environments with a fraction of inspired O 2 (FiO 2 ) of 0.21 and 0.12, respectively, as previously described [13] . Normal control rats were housed in the same room adjacent to the hypoxic chamber. Tan administration (20 mg/kg/d) began 5 days before hypoxia and continued until the rats were euthanized (9 days after hypoxia). At the end of the 9-day exposure period, the rats were anesthetized, and the lungs were quickly removed for the subsequent experiments.
Morphometric analysis
The rat lung tissues were fixed in 4% paraformaldehyde, and then sliced into tissue blocks. Then, the tissues were dehydrated, cleared, and embedded in paraffin wax. The wax blocks were cut into 3-5 mmthick sections. Vascular changes in the rat tissues were analyzed, and hematoxylin-eosin staining (HE) was performed on paraffin-embedded sections. 
Cellular Physiology and Biochemistry
Cell culture Primary cultures of PASMCs were prepared from rats using trypsin, as previously described [14] . Cells were plated onto dishes at a density of 10 5 cells/cm 2 and incubated at 37 ℃ in humidified air with 5% CO 2 . Cells grown in hypoxic conditions were incubated with a gas mixture containing 92% N 2 and 3%O 2 . Cells at passage 2-4 were used for further experimentations. Before the experiments, the cells were starved in serum-free DMEM for another 24 h, and then treated with various agents.
MTT assay for cell viability
Cells were cultured in 96-well culture plates and then treated with Tan (0.5, 1, 5 μg/ml) in DMEM with 1%FBS. After incubation at 37°C, the cells were incubated for 4 h in a medium containing Cell Proliferation Kit I [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT). Roche Molecular Biochemicals, Laval, PQ, Canada] was used to assess cell survival after hypoxic injury [13] . The absorbance at 540 nm was then recorded using an ELISA plate reader.
Flow cytometry/annexin V-propidium iodide staining for apoptotic cells
To determine the effect of Tanshinone IIA on apoptosis, cells were stained with annexin V and propidium iodide. Apoptosis was assessed using fluorescence-activated cell sorting analysis. Cells were seeded 5.0 × 10 5 cells per 100 mm plate and incubated overnight. The cells were treated with 5 μg/ml Tan in DMSO and incubated for 24 h. The cells were then harvested by rapid (5 min) trypsinization to minimize the potentially high annexin V background levels in adherent cells and were washed and stained with fluorescein 5(6)-isothiocyanate (FITC)-annexin V-propidium iodide using an Annexin V-FLUOS staining kit (Roche Diagnostics Corp., Indianapolis, IN, USA). Stained cells were placed on ice and protected from light until they were analyzed using flow cytometry. The cells were analyzed on an Epics XL-MCL flow cytometer using the System II version 3.0 software (Beckman Coulter, Inc., Miami, FL, USA) with the laser excitation wavelength at 488 nm. The green signal from FITC-annexin V was measured at 525 nm, and the red signal from propidium iodide was measured at 620 nm.
Cell fluorescence staining
Cells were plated in six-well glass chamber slides and growth was arrested as previously described [15] . Cells were exposed to normoxia (21% O 2 ) and hypoxia (3% O 2 ) with or without Tan. After treatment, the cells were fixed with 4% paraformaldehyde for 15 min and blocked with goat serum for 30 min. They were then treated with 0.5% Triton and incubated with anti-β-actin antibodies (1:1000) overnight at 4°C. β-actin staining was followed by Alexa 488-conjugated goat anti-mouse IgG (1:200) at room temperature for 1 h. DAPI (4',6-diamidino-2-phenylindole) was used to stain the cell nuclei, and the images were scanned using a laser scanning confocal microscope (C1, Nikon, Japan).
Western blot analysis
Protein samples were extracted from cultured PASMCs using standard procedures that were described in detail elsewhere [15] . Equal amounts of proteins were fractionated on a 10% SDS-polyacrylamide gel. Primary antibodies against p-JAK2/STAT3, Cx43, Hsp60, and total caspase-3 were used followed by horseradish peroxidase-conjugated secondary antibodies. The bands were visualized using enhanced chemiluminescence reagents with GAPDH as the internal control.
Data Analysis
All data are presented as means ± SEM. One-way analysis of variance ANOVA followed by Bonferroni or Dunnett's post-hoc test was used for multiple comparisons because there were more than two groups of continuous variables in this study. A two-tailed value of p < 0.05 was considered to represent a statistically significant difference. Data were analyzed using the GraphPad Prism 5.0 and SPSS 14.0.
Results

Tanshinone IIA improves vascular remodeling in hypoxic rats
The morphology of the pulmonary vessels was examined using HE staining to assess the morphological changes during remodeling. An increase in the medial thickness was (Fig. 2B) .
Tanshinone IIA accelerates PASMC apoptosis
To determine whether Tan promotes PASMC apoptosis, apoptotic cell death was assessed using flow cytometry. Hypoxia induced a significant decrease in the apoptotic cell death. However, pre-treatment with Tan increased the number of apoptotic cells after hypoxic injury (Fig. 3) , suggesting that Tan induced PASMC apoptosis.
Tanshinone IIA modulates the expression of apoptotic proteins (Hsp60 and caspase-3) in hypoxic PASMCs
Heat shock protein 60 (Hsp60) is a mitochondrial chaperone protein that regulates apoptosis-related proteins and inhibits apoptosis. The expression of Hsp60 was upregulated in hypoxic PASMCs (Fig. 4A) , whereas caspase-3, a key enzyme that is responsible for diseases related to cell apoptosis, was markedly inhibited (Fig. 4B) . However, these changes were abrogated by treatment with Tan under hypoxic conditions (Fig. 4) . Fig. 3 . Tanshinone IIA markedly increased hypoxia-induced apoptosis in PASMCs. PASMCs were pre-treated with Tan (5 μg/ml) for 60 min, and then subjected to hypoxia for 24 h. Cell apoptosis was assessed using flow cytometry. Q1 represents necrotic cells, Q2 represents late apoptotic cells, Q3 represents viable cells, and Q4 represents early apoptotic cells. and Biochemistry Cellular Physiology and Biochemistry described above, Hsp60 was suppressed and caspases-3 levels increased after hypoxia in cells pre-treated with AG490 (Fig. 6 ).
Tanshinone IIA restores Cx43 expression in PASMCs after hypoxia
There is accumulating evidence suggesting that Cx43 may play a role in a variety of vascular diseases, including systemic arterial hypertension [17] . For example, elevated blood pressure increases the expression of Cx 43 in cultured aortic cells [18] . Cx43 promotes apoptosis by stimulating the gap junctional transfer of pro-apoptotic signals between cells [19, 20] . However, the role of gap junctions (GJs) in pulmonary hypertension (PH) remains largely unknown. Therefore, we examined Cx43 expression in PASMCs, and found that Cx43 was downregulated after hypoxia. However, treatment with Tan and AG490 restored Cx43 expression in hypoxic PASMCs (Fig. 7) .
Discussion
Vascular wall remodeling is a slow-progressing disease process in atherosclerosis and restenosis [21, 22] . Because abnormal PASMCs are essential components of vascular wall remodeling, reversing vessel remodeling is pivotal in the treatment of vessel diseases.
The traditional Chinese herb Danshen, derived from the dried roots of Salvia miltiorrhiza Bunge, is widely used in the treatment of cardiovascular diseases [1, 2] . Tanshinone IIA is the most abundant lipid-soluble component of Danshen and is structurally representative of the tanshinones. It has been widely reported to induce apoptosis in osteosarcoma MG-63 cell line [23] , leukemia cells [24] , and hepatoma cells [25] . Other studies have reported that Tanshinone IIA inhibited artery smooth muscle cell proliferation [3] and migration [26] . However, it remains unclear if Tanshinone IIA exerts effects on hypoxia-stimulated PASMC proliferation. The results of our study demonstrate that Tanshinone IIA reversed hypoxia-induced pulmonary artery remodeling in vivo and accelerated PASMC apoptosis after hypoxia, as determined using cell viability assays and flow cytometry. In addition, we reported previously that Tanshinone IIA protected against cardiomyocyte apoptosis. The differential effects of Tanshinone IIA on different cells might be based on the activation of signal pathways and/or downstream genes.
The STAT family of transcription factors plays key roles in cytokine signaling. STAT3 is activated by non-receptor tyrosine kinases of the Janus family (JAK) [27] . Earlier studies revealed that inhibiting JAK2/STAT3 signalling induced colorectal cancer cell apoptosis [28] and played a crucial role in the anti-tumor activities of resveratrol in malignant natural killer cells [29] . Tanshinone IIA has also been shown to inhibit STAT activation in C6 glioma [30] and DU145 prostate cancer cells [31] . In consistent with previous findings, we found that the activation of JAK2/STAT3 inhibited PASMC apoptosis, whereas Tanshinone IIA suppressed the phosphprylation and activation of this pathway resulting in apoptosis.
GJs have been described to modulate cell death and survival [32] . In the vascular wall, Cx43 is expressed in both endothelial and smooth muscle cells [33] . In addition, the post-translational phosphorylation of Cx43 could be a key factor in the pathogenesis of atherosclerosis [34] . Cx43 promotes apoptosis by stimulating the gap junctional transfer of pro-apoptotic signals between cells [35] . In the current study, we assessed the possibility that Tanshinone IIA might stimulate cellular apoptosis by modulating Cx43 expression in PASMCs. Our data revealed that Tanshinone IIA enhanced Cx43 levels after hypoxia, promoting PASMC apoptosis. This effect may be due to the altered molecular conformation of Cx43 after phosphorylation via the JAK2/STAT3 pathway.
In summary, our findings demonstrate that Tanshinone IIA could promote PASMC apoptosis, which contributes to ameliorating vascular remodeling after hypoxia. This effect of Tanshinone IIA may depend on modulating JAK2/STAT3 signaling, and the downstream, Cx43 expression.
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